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(g) Wide aperture gradient set 

© An insertable cofl (40) is inserted in a bore 
(12) of a magnetic resonance imaging ap- 
paratus. Primary field magnets (10) create a 
temporally constant magnetic field longitudi- 
nally through the insertable coil. A computer 
control (58) controls a radio frequency coil (44) 
and a gradient coil (42) to create magnetic 
resonance imaging sequences and process re- 
ceived magnetic resonance signals into image 
representations. The insertable gradient coil 
includes a central cylindrical portion (60) hav- 
ing a first circumference. A second portion (62) 
disposed toward a patient receiving end of the 
insertable cofl has a second circumference 
which is larger than the first circumference. In 
this manner, the first, smaller circumferential 
portion is adapted to receive the patient's head 
and the larger circumferential portion is adap- 
ted to accommodate the patient's shoulders. 
• For symmetry which eliminates magnetic field 
induced torques, a service end (68) matches 
and is symmetric to the patient end (62). The 
z-gradient coil windings (FIGURE 3), and x and 
y-gradient coil windings (FIGURES 4 or 5) are 
mounted such that a portion of the windings are 
on the first, smaller circumferential portion and 
a portion of the windings are on the larger 
patient and service end portions. 
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The present invention relates to the magnetic resonance imaging art It finds particular application in con- 
junction with insertable gradient coils for high speed imaging techniques and will be described with particular 
reference thereto. 

Magnetic resonance imagers commonly include a large diameter, whole body gradient coil which sur- 
rounds a patient receiving bore. Main field magnets, either superconducting or resistive, and radio frequency 
transmission/reception coils also surround the bore. Although the whole body gradient coils produce excellent 
linear magnetic field gradients, they have several drawbacks. With large diameter gradient coils, the slew rate 
is sufficiently slow that it is a limiting factor on the rate at which gradient magnetic fields can be induced and 
changed. Large diameter whole body gradient coils are too slow for some of the highest speed magnetic res- 
onance imaging techniques. The energy stored in gradient coils is generally proportional to greater than the 
fifth power of the radius. Hence, large diameter, whole body coils require large amounts of energy. Further, 
superconducting main magnets have cold shields disposed around the bore. The larger the diameter of the 
gradient coil, the closer it is to the cold shields and hence the more apt it is to produce eddy currents. More 
shielding is needed to prevent the whole body gradient coils from inducing eddy currents in the cold shields 
than would be necessary for smaller diameter coils. 

Due to these and other limitations in whole body coils, numerous insertable coils have been developed 
which are small enough to fit within the bore with the patient Typically, the insertable coils are customized to 
a specific region of the body, such as a head coil. Traditionally, head coils have been a cylinder sized to ac- 
commodate the human head easily, e.g. 28 cm in diameter. Most brain examinations center around the portion 
of the brain that is substantially in the same plane as the eye sockets. In a symmetric coil, the magnetic iso- 
center is configured to be disposed in a common plane with the patient's eyes. For a symmetric coil, the mag- 
netic isocenter is at the physical center of the coil. 

As a general rule, the longer the cylindrical head coil, the larger the region over which the gradient is linear 
and the more linear the region is. However, the patient* s shoulders are a limiting factor on the length of a sym- 
metric gradient coil. The shoulders limit the isocenter to about 20 cm at the patient end. Thus, symmetric head 
coils have heretofore been limited to about 40 cm in length. 

In order to achieve the benef icial effects of a longer head coil, head coils have been designed in which 
the magnetic isocenter is offset toward the patient from the physical geometric center of the coil. See, for ex- 
ample, U.S. Patent No. 5,278,504 of Patrick, et al. or U.S. Patent No. 5,1^7,442 of Roemer, et al. Although 
asymmetric head coils have beneficial effects on the linearity and the size of the linear region, the improvement 
is not without an offsetting difficulty. In the main magnretic field, the asymmetric gradient coil is subject to mech- 
anical torques from the magnetic field interactions. In order to counteract these torques, the asymmetric head 
coils are mounted with rigid mechanical constraints. Even with substantial mechanical structures anchored to 
the main field magnet assembly, the torque still tends to cause at least mechanical vibration and noise. Adding 
additional windings to produce a counteracting torque commonly increases the electrical power requirements 
by about 50% or more. 

Although conventional head gradient coils include a Maxwell pair for the z-axis or Golay saddle coils for 
the x or y-axes on the surface of a cylinder, others have proposed coils in which all windings do not lie on the 
cylinder surface. "Compact Magnet and Gradient System For Breast Imaging", S. Pissanetzky, et al., SMRM 
12th Annual Meeting, p. 1304 (1993) illustrates a compact asymmetric cylinder coil bent up radially at a 90 p 
angle at the field producing end of the coil. The coil is designed for breast imaging with the coil pressed up 
against the chest "High-Order, Multi-Dimensional Design of Distributed Surface Gradient Coil", Oh, et al., 
SMRM 12th Annual Meeting, p. 310 (1993) attempts to optimize a gradient surface coil using current flows in 
three dimensions. One of the problems with the Oh surface gradient coil is that it was difficult to control line- 
arity. Further, the coil was difficult to manufacture due to its complicated shape and high current densities. 

The present invention provides a new and improved insertable gradient coil which overcomes the above- 
referenced problems and others. 

In accordance with the present invention there is provided a gradient magnetic field coil assembly for a 
magnetic resonance imaging apparatus, the assembly comprising a central cylindrical region of a first circum- 
ference dimensioned to receive a region of interest of the subject to be imaged, the central cylindrical region 
carrying portions of gradient coils for creating linear magnetic field gradients through the region of interest, 
characterised in that the assembly comprises a first end region adjacent at least one end of the central region, 
the first end region having a second circumference which is larger than the first circumference, the gradient 
coils including windings on said first end region. 

Thus, gradient magnetic field inducing windings adjacent the magnetic isocenter are of a first, smaller ra- 
dius dimensioned to receive the head or other selected anatomical portion of the patient Adjacent at least the 
patient end of the coil, the windings extend along a second, larger radius. 

The gradient coil assembly may include at feast two rings of bunched windings of the first, smaller radius. 
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The bunched windings may be connected with return paths which extend along the second, larger radius. 

The gradient coils may include a plurality of thumbprint windings. The thumbprint windings may have the 
first, smaller radius adjacent the isocenter and may be flared to the second, larger radius adjacent at least the 
patient end of the coil. 

5 The coil may be symmetric such that windings of the second, larger radius are disposed adjacent both the 

patient end of the coil and an opposite service end of the coil. 
The coil may be of elliptical cross-section. 

One advantage of the present invention is that it achieves better linearity by allowing an increase in length. 
Another advantage of the present invention is that it provides better access for positioning the patient inside 
10 the coil. 

Other advantages of the present invention include higher peak gradients and faster rise times. 
Another advantage of the present invention is that it permits faster data acquisition and higher gradient 
frequencies. 

Yet another advantage of the present invention is that it avoids excessive current density, particularly along 
15 patient and service ends of the coil. 

Embodiments of the invention will now be described, by way of example only, with the aid of the drawings, 
of which: 

Figure 1 is a diagrammatic illustration of a magnetic resonance imaging system including an insertable 
coil in accordance with the present invention; 
20 Figure 2 is a diagrammatic illustration of a head coil in accordance with the present invention in relation 

to a human patient; 

Figure 3 is a diagrammatic illustration of a z-gradient winding for the head coil of Figure 2; 
Figure 4 is a diagrammatic illustration of one quadrant of an x or y-gradient fingerprint type winding for 
the gradient coil of Figure 3 laid out flat; 
25 Figure 5 is a diagrammatic illustration of a bunched x or y-gradient winding for the coil of Figure 2; 

Figure 6 is an alternate embodiment of the head coil of Figure 2; 
Figure 7 is another alternate embodiment of the head coil of Figure 2, and 
Figure 8 is yet another alternate embodiment 

With reference to Figure 1 , a plurality of primary magnet coils 10 generate a temporally constant magnetic 
30 field along a longitudinal or z-axis of a central bore 12. In a preferred superconducting embodiment, the primary 
magnet coils are supported by a former 14 and received in a toroidal helium vessel or can 16. The vessel is 
filled with liquid helium to maintain the primary magnet coils at superconducting temperatures. The can is sur- 
rounded by a series of cold shields 1 8, 20 which are supported in a vacuum dewar 22. 

A whole body gradient coil assembly 30 includes x, y, and z-coils mounted along the bore 12. Preferably, 
35 the gradient coil assembly is a self-shielded gradient coil assembly that includes primary x, y, and z-coil as- 
semblies potted in a dielectric former 32 and a secondary gradient coil assembly 34 that is supported on a 
bore defining cylinder of the vacuum dewar 22. A whole body RF coil 36 is mounted inside the gradient coil 
assembly 30. A whole body RF shield 38, e.g. copper mesh, is mounted between RF coil 36 and the gradient 
coil assembly 34. 

40 An insertable gradient coil 40 is removably mounted in the center of the bore 12. The insertable coil as- 

sembly includes an insertable gradient coil assembly 42 supported by a dielectric former. An insertable RF coil 
44 is mounted inside the dielectric former. An RF shield 46 is mounted between the insertable RF and gradient 
coils. 

An operator interface and control station 50 includes a human-readable display such as a video monitor 
45 52 and an operator input means including a keyboard 54 and a mouse 56. A computer control and reconstruc- 
tion module 58 includes computer hardware and software for controlling the radio frequency coils 36 and 44 
and the gradient coils 30 and 42 to implement any of a multiplicity of conventional magnetic resonance imaging 
sequences, including echo-planar imaging sequences. Echo-planar imaging sequences are characterized by 
short repetition rates and low flip angles. The processor 58 also includes a digital transmitter for providing RF 
so excitation and resonance manipulation signals to the RF coil and a digital receiver for receiving and demodu- 
lating magnetic resonance signals. An array processor and associated software reconstruct the received mag- 
netic resonance signals into an image representation which is stored in computer memory or on disk. A video 
processor selectively extracts portions of the stored reconstructed image representation and formats the data 
for display by the video monitor 52. 
55 With reference to FIGURE 2, the active gradient coil windings of the insertable gradient coil assembly 42 

in the preferred embodiment are confined to a first cylindrical surface region 60 and an open patient end conical 
surface 62. The cylindrical surface 60 has an isocenter 64 mid-way, a distance Zc P from either edge of the cyl- 
indrical surface. The cylindrical surface has an interior dimension sized to receive the human head, preferably 
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with a radius p c equal to about 15 cm. The RF screen and RF head coii reside inside of this diameter, between 

the subject's head and the gradient The conical section 62 and a matching service end conical portion 68 flare 

from the radius p c to a larger radius p s . 

This geometric shape for the gradient coil is symmetric, hence has an overall torque equal to zero. The 
5 imaging volume of the coil, i.e. the region with the best linearity and uniformity covers the entire human head 

and is centered on the brain. Due to the symmetry of the current density of the coil, its stored magnetic energy 

is less than the corresponding stored energy in an asymmetric gradient coii with the same specifications. The 

extended return path along the conical section permits lower turns densities. 

To select the current winding pattern on a coil of this configuration, a sine Fourier-series expansion is per- 
10 formed. For the design of an axial or z-gradient coil, the current density is azimuthally oriented and varies only 

along the axial direction of the coil J + (z). As suggested by R. Turner, "Minimum Inductance Coils", J. Phys. E. 

Sci. Instrum. Vol 21, p. 948-952 (1988), expressing the z-component of the magnetic field B 2 and the stored 

magnetic energy W in terms of the current density, the function E is defined as: 
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E(j*) - W'-gX^B,^) -B^cOfj)) <l), 



20 where A* are the Lagrangian multipliers and Bzsc, represents the constraint values of the z-component of the 
magneticf ield at N specified points. Minimizing E, a quadratic function of the current with respect to the current 
coefficients j n a , one obtains a matrix equation which j n a must satisfy: 
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£ j n a . { am J jik I x (ka) iq (ka) i|r n (k) i|r n , (k) J - 
-]C*j J_dk k sin kZj l 0 (k Pj ) iq (ka) * n (k) (2) , 



where the evaluation of the Lagrangian multipliers is done via the constraint equation. Inverting Equation (2), 
one can solve for j n a f hence the current density. In these equations, a is the coil base radius and L is the coil 
length. 

For manufacturability, the continuous current density is discretized. First the continuous current distrib- 
35 ution is divided into positive and negative current regions. Integrating the area of each region gives the amount 
of the total current contained in each region. Once the current for all regions of the cylinder is calculated, dis- 
crete current loops are placed in order to mimic the behavior of the continuous current pattern. Each region 
is then filled with discrete wires carrying a preselected amount of current which is the same for all discretized 
regions. The decision of the common amount of current for each loop is determined by considering the module 
40 of the current from all regions. In this case, the discrete coils can closely approximate the continuous current 
density. Specifically, each region of the continuous current density is divided into smaller segments which cor- 
respond to an equal amount of current. Then each wire is placed in the middle point of the segment in order 
to obtain an equal distribution from both sides of the segment when the magnetic field is calculated. In order 
to produce a current distribution which is confined to the cylindrical surface, a cut-off point in the axial direction 
45 is chosen at the distance Zcp from the isocenter. With this point as the origin, the remaining end section of the 
cylindrical surface is tilted by an angle 0 relative to the z-axis to form a conical surface. The relationship be- 
tween the tilting angle 0 and the axial, radial dimensions of the coil is: 

^^L^fc (3)- 

50 Because the rotation is a unitary transformation, no alterations to the coordinate system and its unit vector 
result In this manner, a discrete current pattern for the axial z-coil which is confined to a 3D surface which is 
a combination of a cylindrical surface up to point Zc P and a conical surface for the rest of the coil length as 
illustrated in FIGURE 3 is provided. 

With reference to FIGURE 4, the x or y-gradient coils start with the configuration of a traditional finite size 

55 x or y-gradient coil with radius p c and total length L. The design of this type of gradient coil generates a gradient 
field whiph is odd-symmetric in the x or y-direction around the geometric center of the coii, respectively, while 
it is even-symmetric along the z and other of the x and y-directions, respectively. Due to the finite length of 
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the gradient coil, a Fourier-series expansion in terms of the sine and cosine series is performed. Due to the 
symmetric conditions along the z-direction, only cosine Fourier-series expansion is needed. Due to the pre- 
specified symmetric conditions, the current density lies on the surface of the cylinder and the resultant current 
density is constructed as a vector addition of two components - one along the axial direction JJ$,z) a "d the 
5 other along the azimuthal direction J+(4>,z). Using the continuity equation in order to relate both components 
to the current density and expressing the z-component of the magnetic field B z and the stored energy W in 
terms of either one of these two components of the current density, the function E is again constructed as 
follows: 

10 

E(j n a ) - W - ^A 3 (B,(f J ) -Bssctfj)) (4), 

15 where Aj are the Lagrangian multipliers and represent the constraint values of the z-component of the 
magnetic field at N specified points. Minimizing E, a quadratic function of current with respect to the current 
density coefficients j n a , one obtains a matrix equation which j n a must satisfy: 
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^£JL, cosCfy) J dkk cos kz^ I x (kp^) K\ (ka) (5) , 



where the evaluation of the Lagrangian multipliers can be done via the constraint equation. Inverting Equation 
(5), a solution for j„ a and hence the current density is obtained. Replacing this expression into the stored energy 
and magnetic field formulas, one acquires a final expression for the stored magnetic energy and the magnetic 
field in terms of the constraint points and the geometry of the system. 
30 In order to obtain a discrete version of the above continuous current density, consider the continuity equa- 

tion for the current density: 

v- • J = 0 (6). 

In analogy with the magnetic field where the vector potential is introduced, the current density can be ex- 
pressed as a curl of the function J , called a "stream function". Specifically: 

J = V x S (7) . 



Because the current is restricted to flow on the surface of a cylinder of radius a and has only angular and 
axial dependence, the relation between the current density and the stream function in cylindrical coordinates 

is: 



ivw.z)^ + lhw*. = - Jf^z (8), 



and S p is found from: 



S p (<|>,z) = -a /*d<|>' j z a <<j>',z) <9). 
The contour plots of the current density are determined by: 

S p (<f>,z) « (n-AJ + S^ n for n = 1, N (10) , 

where N is the number of current contours, S m m is the minimum value of the current density, and s, nc represents 
the amount of the current between two contour lines. The determination of Sjn C is: 
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= SmaX N ^ (11). 

m^h^T^ Pr T n « n9 th * " ,aximum value of the density. The contours which are generated by this 

method foltow the flow of the current and the distance between them corresponds to a current equal to an 

=^0^- "l^T" il,u8t ™ ted in re 9 ion *=p <* nGUR E 4. discrete wires are positioned in such a way 
as to coincide with these contour lines. ' 

a | Qn ^LT t0 f e di !f rete current ~ den8 «y Portions which lie on the surface of the cone, a cut-off point 

the rerna.n ng part of the cylindrical surface is tipped by an angle 9 relative to the z-axis. The relationship be^ 
10 tween the tilting angle 9 and the axial, radial dimensions of the coil is: reiauonsnip oe- 

9 = te,r1 tS- zip (12) " 
Because the rotation is a unitary transform, no alterations in the coordinate system and the unit vectors are 
made In this manner, a discrete coil pattern is generated for the transverse x or y-gradient coil which are de- 
ZterU onh?STiSh S ' ~ mbinati ° n ° f the ^ indricai surface u > to *° ^ A* and a coniS . s^act 
To evaluate the magnetic field of the discrete current distribution, one uses the Biot-Savart law: 

B = ±a£ r 1 * 0ix_(f - f ')) 2 

4 it Ji x | f _ f . |3 (13). 

The evaluation of Equation (13) can be separated into two integration areas. The first integration area includes 
Z il*h TfTl? ! e *! n ? 081 SUrfaCe which p=p - Thus « each current segment is only a function of the 
current pltte "** direCti0n * 7,18 expression <* me ^gnetlc field which results from this 
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(14) , 



where 

50 z ' = z ' + ^Hrtt" - W OS). 



... . *2 - ?1 

wrth z,.*,. representing the coordinates of the origin for each line segment at the discrete current distribution 
and z 2 ,4>2 corresponding to the coordinates of the end point for the same line segment 

In the second region, each point of the discrete current pattern is a function of three variables (p,4.z) Due 
to the cone, there is variation along the azimuthal direction the axial direction z, and an additional depend- 
ence on the radial vanation p. The expression of the z-component of the magnetic field for this portion of the 
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\i Q l r* 2 A , f P S p sin(<l> -f) ^P' 2 - pp'cos(<{> - $') 

__J dtp J ~ 3 

[ [ p' 2 + p 2 - 2pp f cos(<|) - 4>') + <z ± z') 2 ] 2 
-pS p sin(<t> ♦ 4>') + p' 2 .- pp'cos(4) + <t>') 
+ 2 
[ p« 2 + p 2 ^ 2pp f _cos(<t> + 4>') + (z ± z') 2 ] 2 
pS p sin(<t> - 4>' ) - p t2 ~ pp'cos(<t> - <t>' ) 

[ p » 2 + p* + 2pp , cos<4> - <t>') + (z ± z f ) 2 ] 2 
-pS p sin(<|> + <fr') - p t2 - pp'cosCfl + <fr') 



2 

[ p«2 + p 2 + 2pp f cos(<J> + <j> f ) + (z ± z») 2 ] 2 



(16) , 



with: 
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p' = P1 + S p (f - *i) (17a), 

*i) (17b), 



S ft - 



- P2 - Pt 



(17c), 



where -pt,^ a are corresponding coordinates of the origin of the line segment at the conical region and ^M^i 
are corresponding coordinates of the end point for the same line segment By employing the above steps, the 
discrete patterns of one quadrant of current distribution which is capable of generating 50 mT/m gradient 
strength over a 20 cm diameter spherical volume as shown in FIGURE 4 is created. 

Similar results can be achieved using a bunched, rather than distributed, x or y-gradient coil. With refer- 
ence to FIGURE 5, there are four, symmetric quadrants of bunched coiled windings which are symmetric rel- 
ative to the isocenter 64. Each bunched winding includes a plurality of generally semi-circular windings 70 ad- 
jacent a central plane of the cylinder 60 and a secorid, larger set of bunched windings 72 more distant from 
the central plane and again lying along the central cylinder 60. Return windings 74 are mounted on either a 
conical or enlarged cylindrical region 76 of larger diameter than the cylinder 60. 

Various alternate embodiments are also contemplated. With reference to FIGURE 6, the coil may again 
have a central cylindrical portion 60 sized to fit the subject's head or other anatomical portion. Aflared region 
62 connects the central cylindrical region with outer cylindrical regions 66 of larger diameter In a head coil 
embodiment, the larger cylindrical region 66 is of sufficient dimension to receive the patienfs shoulders therein. 
For symmetry purposes, matching flared regions and cylindrical regions are preferably provided on both the 
patient and the service end 68 of the head coil. As another alternative, the central cylinder 60 can be elliptical 
to follow the generally elliptical cross-section of the human head and the outer larger cylindrical portion 66 is 
elliptical in a direction to match the aspect ratio of the human shoulders. 

With reference to FIGURE 7, the flared portion 62 may be at 90° to the central cylinder 60. 

With reference to FIGURE 8, the insertable gradient coil need not have flared or enlarged portions at both 
ends: Rather, the central region 60 can connect a flared or enlarged region 62 at the patient end and an ex- 
tended region 76 on the service end. The region 76 may be flared or tapered to a different radius than the 
patient end 62 or may be the same radius as the central cylindrical portion 60. 
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Claims 



A gradient magnetic field coil assembly for a magnetic resonance imaging apparatus, the assembly com- 
prising a central cylindrical region (60) of a first circumference dimensioned to receive a region of interest 
of the subject to be imaged, the central cylindrical region (60) carrying portions of gradient coils for cre- 
ating linear magnetic field gradients through the region of interest, characterised in that the assembly com- 
prises a first end region (62) adjacent at least one end of the central region/the first end region (62) having 
a second circumference which is larger than the first circumference, the gradient coils including windings 
on said first end region. 
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2. A gradient magnetic field coil assembly as claimed in Claim 1 , characterised in that the gradient windings 
extend circumferentially around the central region (60) and the first end region (62) with a plurality of turns 
for generating gradient magnetic fields axially along the coil. 

3. A gradient magnetic field coil assembly as claimed in Claim 1, characterised in that the gradient coil in- 
cludes at least one set of four gradient windings, at least two of the gradient windings being bunched coils 
which include arc segments (70) extending along the central region (60) and return paths (74) extending 
along the first end region (62). 

4. A gradient magnetic field coil assembly as claimed in Claim 1, characterised in that the gradient coil in- 
cludes at least one set of four gradient coil windings, at least two of the gradient coil windings being dis- 
tributed coils each with its windings extending in generally a thumbprint pattern over approximately one 
quadrant of the central region and over approximately half of the first end region. 

5. A gradient magnetic field coil assembly as claimed in any one of the preceding claims, characterised in 
that the central region (60) and first end region (62) are both circularly symmetric. 

L A gradient magnetic field coil assembly las claimed in any one of the preceding claims, characterised in 
that the first end region comprises a flared portion (62, 76) which angles outward from the central region 
(60) along an open, generally conical segment. 

7. A gradient magnetic field coil assembly as claimed in any one of the preceding claims, characterised in 
that the first end region (60) includes a cylindrical portion (66). 

t- A gradient magnetic field coil assembly as claimed in any one of the preceding claims, characterised in 
that the assembly comprises a second end region (68) of circumference greater than the first end region 
disposed adjacent an end of the central region opposite to the first end region, the gradient coils including 
windings on said second end region (68). 

A magnetic resonance imaging system comprising: a primary magnetic field assembly (10) for generating 
a temporally constant magnetic field through a central bore (12) thereof; a whole-body gradient coil as- 
sembly (30) disposed around the central bore; a radio-frequency coil assembly (36) disposed around the 
central bore; a head coil (40) removably mounted in the central bore, the head coil comprising a radio- 
frequency coil winding (44); a magnetic resonance excitation and reconstruction means (58) for control- 
ling the radio-frequency and insertable gradient coils for inducing magnetic resonance within the first cyl- 
indrical portion (60) and for receiving magnetic resonance signals therefrom and for reconstructing the 
received magnetic resonance signals into an image representation, characterised in that the head coil 
comprises a gradient magnetic field coil assembly as claimed in any one of the preceding claims 
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